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We measure the spin lattice relaxation of the In(l) nuclei in the CeMIns materials, extract quanti- 
tative information about the low energy spin dynamics of the lattice of Ce moments in both CeRhlns 
and CeCoIns, and identify a crossover in the normal state. Above a temperature T* the Ce lattice 
exhibits "Kondo gas" behavior characterized by local fluctuations of independently screened mo- 
ments; below T* both systems exhibit a "Kondo liquid" regime in which interactions between the 
local moments contribute to the spin dynamics. Both the antiferromagnetic and superconducting 
ground states in these systems emerge from the "Kondo liquid" regime. Our analysis provides strong 
evidence for quantum criticality in CeCoIns. 



PACS numbers: 76.60.-k,75.20.-g,75.25.+z ,71.27.+a 

The CeMIns heavy fermion materials possess a rich 
phase diagram revealing a fascinating interplay between 
the antiferromagnetic behavior of incompletely screened 
Ce local moments, an unconventional normal state, and 
superconducting behavior of the heavy electrons that is 
reminiscent of that found in the cuprates The non- 

Fermi liquid behavior of the itinerant heavy electrons and 
the possible d-wave symmetry of their superconducting 
state has led to the proposal that the superconducting 
pairing mechanism arises from their coupling to spin fluc- 
tuations |l|, |3|, U, |3, |6| . In this Letter, we consider the 
information about the coupled system of Ce local mo- 
ments and itinerant heavy electrons that can be derived 
from Nuclear Magnetic Resonance (NMR) experiments 
on the spin lattice relaxation rate (T-f 1 ) of the In(l) nu- 
clei located in the plane of the Ce moments. We show 
that the In(l) nuclei are strongly coupled to their four 
nearest neighbor Ce spins by an anisotropic hyperfine 
interaction, and that the resulting anomalous behavior 
of T\T provides important information on the low fre- 
quency dynamics of the lattice of Ce spins, and the quasi- 
particles to which they couple. Because the coupling is 
anisotropic, it does not vanish for antiferromagnetically 
correlated Ce moments, so that T± provides valuable 
information on the dynamics of their magnetic ordering, 
as well as on the influence of Kondo screening of the 
moments on their relaxation rate, and departures from 
Kondo behavior at low temperatures 0, 0- We present 
our results for both the antiferromagnet CeRhlns and 
the superconductor CeCoIns. 

Previous reports of T^ 1 in Celrlns and CeCoIns by 
other authors have attributed an unusual temperature 
dependence of T^ 1 in the normal state to antiferromag- 
netic fluctuations up to room temperature [9|, [10( . We 
show in both CeRhIn 5 and CeCoIn 5 that above a tem- 
perature T* of the order 10K, T-f 1 is dominated by lo- 



cal fluctuations of the Ce moments. Below T* the q- 
independent local moment contribution to Tj -1 becomes 
temperature independent, and and a second q and T de- 
pendent component emerges. We identify this emergent 
component with the heavy electrons, that is the itiner- 
ant component of the Ce 4/ electrons arising from their 
coupling to one another and to the conduction electrons. 
This extra contribution to the relaxation agrees quanti- 
tatively with inelastsic neutron scattering (INS) results 
in CeRhlns, and suggests that the antiferromagnetic cor- 
relations in CeCoIns are primarily 2D, and that in the 
absence of superconductivity one would have a quantum 
critical point corresponding to a transition from Fermi 
liquid to antiferromagnetic behavior at T = 0. 

In order to develop a model for the hyperfine coupling 
in the CeMIns materials, it is necessary to determine the 
number of spin degrees of freedom, and the hyperfine 
couplings to each degree of freedom. For all three mate- 
rials (M=Rh, Ir, Co), the bulk susceptibility x is dom- 
inated at high temperatures by localized Ce moments, 
and can be adequately fit by an expression for these 
moments in a tetragonal crystalline electric field (CEF) 
[H HE EHHI- Neutron diffraction (ND) in the or- 
dered state of CeRhIn 5 indicates that the magnetism is 
localized on the Ce sites, albeit with reduced moments 
(l6| . The reduced moment plausibly reflects some degree 
of hybridization with incomplete screening of the Ce mo- 
ment in the CEF ground state doublet. (For the CEF 
scheme measured in ^| the ground state doublet has 
a moment of 0.92ub, whereas the measured moment is 
0.74^ B [H [H [ljf/) The magnetic shifts of the high 
symmetry In(l) site in CeRhIn 5 , presented in Fig. (1), 
are linear in \ in the paramagnetic state. If the main 
contribution to the magnetic shift arises from the local- 
ized Ce moments, then K a = Ko, a + (3 a Xai where (3 a is 
an effective hyperfine coupling and a = c, ab. Note that 
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FIG. 1: The magnetic shift of In(l) in CeRhlns (circles) and 
the bulk susceptibility (lines) versus temperature. The in- 
set shows K a versus \a- The solid (open) circles and solid 
(dashed) lines are for H\\ab (H\\c). 



the hyperfine coupling is anisotropic [j3 c — 26.4kOe/^s, 
flab = 19.6kOe//is), and the size of these hyperfine cou- 
plings are more than an order of magnitude greater than 
typical dipolar fields (~ 1 kOe/fis), so the In(l) must be 
coupled to the Ce via an anisotropic transferred hyperfine 
coupling of electronic origin. 

We postulate that the In(l) nucleus is coupled to each 
of the four nearest neighbor Ce spins through a tensor 
A = {Au, A±, A c }, where the principal axes lie parallel 
and perpendicular to the Ce-In(l) bond axis in the ab 
plane, and along the c axis: 



H = ih 1 



A.; ■ S 7 ; 



(i) 



iGn.n. 



Here 7 is the gyromagnetic ratio, I is the nuclear spin 
of the In(l), Si is the spin on the i th Ce, and the sum 
is over the four nearest neighbor Ce sites. Note that 
there should also exist a direct hyperfine coupling be- 
tween the In nuclei and the conduction electrons. How- 
ever, the fact that drops by almost two orders of 
magnitude below Tjv suggests that this coupling is small 
compared to the coupling between the nuclei and the 
Ce moments. For notational simplicity, we define A ab 
and x as Aiij_ = A ab (\ ± x). Using Eq. (1) one 
can show that K c = AA c Xc and K ab = AA ab x a b; us- 
ing the slopes of K a versus Xa given above, we have 
A ab = 4.9kOe/^ B and A c = 6.6kOe//x B - The pa- 
rameter x can be determined from the internal field 
in the antifcrromagnetic state. The moments are lo- 
calized on the Ce sites, with the structure given by: 
S(rj) = Su cos(7rx/q) cosfny/a) (cosfgnz), sin(c/n-z), 0), 
where S = 0.74/i B , and q Q = 0.297^ El III H Il3 • 
For this structure, the internal field is given by: H,„t = 
2A ab xSo {sm(qoz),cos(qoz),0}. The measured internal 



FIG. 2: (a) T\T versus T in CeRhIn 5 and CeCoIn 5 ; the 
CeRhIn 5 data for T > 20K are taken from |H (CeRhIn 5 
NQR (•), CeCoIns Hq\\c (solid squares), and Ho\\ab (open 
squares)), (b) (TiT) -1 - 111.43sec _1 K" 1 (•) and $/a (open 
squares, ref [3) vs. T — Tjv in CeRhlns, where the solid line 
is a fit as described in the text, (c) F vs. T for CeRhlns. The 
dashed line is a linear fit to the data above 20K, and the solid 
line is taken from || using To = 5K. 



field flint at the In(l) site for T << T N is 1.7 kOe |19j . 
which corresponds to a value x = 0.12. 

The spin lattice relaxation of the In(l) nuclei is deter- 
mined by the fluctuations of the Ce spins, and is given 
by the Fourier component of ('fl(i)A(O)} at the Larmor 
frequency, where the time dependence arises from the 
fluctuations of the Ce spins Si. Moriya showed that the 
spin lattice relaxation rate can be expressed in the gen- 
eral form 21]: 
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where a is summed over the two directions perpendicular 
to the applied static field. Here ^(q) are form factors, 
Xa(q, w) is the dynamical susceptibility, and the sum is 
over the Brillouin zone. The form factors are the spatial 
Fourier transforms of the coupling in Eq. (1), and are 
given by: 



F Q 2 b (q) = 16^ h cos 2 (^)cos 2 (^) 
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F 2 (q) = 16A 2 cos 2 (^)cos 2 (^). 
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Since F^ b (q) > for all q, T^ 1 will pick up fluctuations 
at all wavevectors. In particular, the In(l) is sensitive to 
the critical slowing down of the spin fluctuations above 
T N . 
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We now can determine quantitatively the low fre- 
quency spin spectrum of CeRhIn 5 . As may be seen in 
Fig. (2), TiT varies quadratically with T for T > 20K, 
which is what might have been anticipated for a collection 
of independent Ce moments that are weakly coupled to 
the conduction electrons via an interaction TL — J a ■ S. 
To see this we note that the susceptibility of the local 
moments is given by: 



xocn 



1 -iuj/T{TY 
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where Xa{T) is the bulk susceptibility (~ 1/T for T > 
20K), T(T) = irJ 2 N 2 (0)k B T, and N(0) is the electronic 
density of states at Ep. From Eqs. (2,3,5) we then have: 



(TiT)" 
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Fig. (2c) shows T(T) as a function of temperature. Note 
that r ~ T for T > 20K, with a slope determined by 
JN(0) ~ 0.24. Although INS data of T(T) is unavailable 
in this material, Bao and coworkers have estimated that 
r << 3mcV for T < 7K 0. 

We interpret the crossover at 20K to an almost con- 
stant value of r as reflecting the onset of Kondo screening 
of the local moments. The relaxation of independently 
screened local moments, a "Kondo gas", has been cal- 
culated by Cox et al. who find T(T) = T /(T/T ) 
where / is a universal function reflecting a temperature 
dependent effective coupling, and To is proportional to 
the Kondo temperature. For T > To, Qachaou et al. 
have shown that this scaling behavior holds for several 
mixed- valent and heavy electron materials j^. As may 
be seen in Figs. (2c) and (3), a good fit to the experimen- 
tal data may be obtained with To = 5K over the range 
8K< T <40K. 

Below T* ~ 8K one begins to see the "Kondo liquid" 
expected when the interaction between the Ce local mo- 
ments induced by their coupling to the conduction elec- 
trons plays a dominant role in the relaxation of the mo- 
ments. Indeed, for T N < T < T* , TT 1 shows a strong 
divergence associated with the critical slowing down of 
the spin fluctuations of this Kondo liquid. In this region 
the susceptibility takes the form: 
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which adequately describes the INS data J7|. Here a is 
a temperature independent constant, and w s f ~ l/£ z , 
where z is the dynamical scaling constant. In the mean 
field regime, z = 2 and we have (TiT)- 1 = (TiT)^ 1 + 
(TiT)^, where (TiT^ 1 is the q-independent, "lo- 
cal" , contribution assumed constant below T* , and 
(TiT)a F is the contribution from the antiferromag- 
netic fluctuations. The latter is given by (TiT)7^ rj 
-f 2 A 2 , b x 2 k B afi 2 B /2'K 2 uj s f^, where we have assumed 3D 
fluctuations, and that the correlation length along the 
c direction, £ c ~ £ a b ~ £. If we assume mean field 
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FIG. 3: T(T)/k B T versus T/T . (o) CeRhIn 5 with T = 5K, 
and (solid squares) CeCoIns with To = 17K. The solid line 
is from Cox The inset shows the build-up of antiferro- 
magnetic correlations below ~30K follows the 1/T behavior 
(solid line) described in the text, and extend to T c = 1.8K, 
the transition temperature for the 5T magnetic field used in 
this experiment. 



behavior, then {T t T)^ F - £(T). Fig. (2b) shows 
(TiT)" 1 - (TiT)^ 1 versus T, where (T X T) = 0.00897 
sec K. The solid line is a fit to £ ~ (T - T N )~ V ', where 
v = 0.30 ± 0.05. As seen in Fig. (2b), the tempera- 
ture dependence of the NMR measurements agrees well 
with INS measurements of £. Note that for a single crit- 
ical point, a mean field analysis gives v = j3 = 1/2 
(Mgubiatticc ~ (Tv — T) 13 ). The fact that we observe 
v <~ 0.3 suggests that either the point Tn(H = 0) is a 
multicritical point, or that fluctuations change the ex- 
ponents. The former is a plausible explanation for the 
critical exponent /3 = 0.25 observed in NMR and ND 
measurements [T^. Il9j , and is consistent with the phase 
diagram in [24|. 

We next consider the superconductor CeCoIn 5 . In or- 
der to deduce the hyperfine tensor, three independent 
experimental quantities are required. From the Knight 
shifts in this material measured in |12| we have A a b — 
3.0kOe/^iB and A c = 2.2kOe///e- As discussed there, 
the Knight shift measurements show that for T < 50-fT 
A c vanishes whereas A a b does not change; this behavior 
is reflected as the anomalous rise in the TiT data be- 
low 40K in Fig. (2a) for Ho\\ab. A direct measurement 
of the parameter x is lacking since there is no magnetic 
order [25(. For concreteness we assume x — 0.12, as in 
CeRMn 5 . Fig. (3) shows T{T)/k B T versus T/T for 
CeCoIns and CeRhlns , where Tq = 5K for CcRhlns , and 
T = 17K, for CeCoIn 5 . The CeCoIn 5 data were deter- 
mined using the TT data for i?o||c- For different values 
of x, the overall magnitude of the T(T) data, and hence 
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To, will change by at most a factor of two, but the overall 
temperature dependence will be the same and the con- 
clusions will not change. 

Note that in both materials the data scale with the 
Cox formula for T > T* « 1.5T , however below this 
temperature T(T) is less than the Cox prediction. As 
was the case for CeRhlns, T(T) drops markedly below 
the Cox "Kondo gas" prediction below T*, a change we 
can identify with the onset of a " Kondo liquid" regime in 
which the interactions between the local moments gives 
rise to a new physical regime. We suggest that just as 
in the Rh material, T* in the Co material also marks 
the onset of antiferromagnetic correlations, and proceed 
to analyze the data in CeCoIns below T* in the same 
fashion as in CcRhlns. 

The inset of Fig. (3) shows (TiT)^ = (XiT) -1 - 
(TiTV 1 versus T, where we have taken (7iT) = 0.0793 
sec K, the value at 30K. The solid line is (T - Tn)" 1 , 
with T^v = 0. Importantly, this result suggests that in 
the absence of superconductivity CeCoIns would order 
magnetically at T ~ 0, so that in this material one has a 
quantum critical point that is obscured by superconduc- 
tivity l 2Q] ■ Quantum criticality is also consistent with the 
non- Fermi liquid behavior seen in the normal state |27j . 



It is also consistent with experiments at fields H > H C 2 
that show the specific heat increases at low temperatures 
as though there were an ordering temperature at T « 
0. The temperature dependence of {TiT)~^ F is signifi- 
cant. In the CeRhIn 5 , (TiT)^p 3D ~ £, as expected for 
3D fluctuations. On the other hand, for quasi-2D fluc- 
tuations (TiT)^}? 2D ~ w s/ ~ £ 2 - I n f ac t' the data in 
CeCoIns are best understood in a picture of 2D fluctu- 
ations, where u s f ~ T, which is exactly the result ob- 
served in the cuprates above the pseudogap temperature 
[28| . In light of the behavior observed in CeRhIn 5 such 
correlations provide a natural explanation of the suppres- 
sion of r, as well as a possible mechanism for the d-wave 
superconductivity j2(|. Indirect evidence for such corre- 
lations has been seen in 01 . Measurements of Knight 
shift and TU 1 under pressure and as a function of doping 
should prove invaluable to understanding the evolution of 
these antiferromagnetic correlations as the ground state 
changes from antiferromagnetic to superconducting. 
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